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Summary

The most frequently used counter electrode (CE) in dye-sensitized solar cells
(DSSCs) is platinum on fluorine-doped tin oxide glass. This electrode has excel-
lent electrical conductivity, chemical stability, and high electrocatalytic affinity
for the reduction of triiodide. However, the high cost of metallic platinum and
the poor electrochemical stability pose a major drawback in the commercial
production. This has necessitated a search for a non-precious metal and
metal-free electrocatalyst that demonstrates better catalytic activity and longer
electrochemical stability for practical use in DSSCs. Graphene has been at the
centre of attention due to its excellent optoelectronic properties. However, a
defect-free graphene sheet is not suitable as a CE in DSSCs, because of its neu-
tral polarity which often restricts efficient charge transfer at the
graphene/liquid interface, irrespective of the high in-plane charge mobility.
Hence, heteroatom-doped graphene-based CEs are being developed with the
aim to balance electrical conductivity for efficient charge transfer and charge
polarization for enhanced reduction activity of redox couples simultaneously.
The elements commonly used in chemical doping of graphene are nitrogen,
oxygen, boron, sulfur, and phosphorus. Halogens have also recently shown
great promise. It has been demonstrated that edge-selective heteroatom-
doping of graphene imparts both efficient in-plane charge transfers and polar-
ity, thereby enhancing electrocatalytic activity. Thus, heteroatom-doped
graphene serves as a good material to replace conventional electrodes and
enhance power conversion efficiency in DSSCs. The focus is to reduce the cost
of DSSCs. This review explores the performance of DSSCs, factors that influ-
ence the power conversion efficiency, and various physicochemical properties
of graphene. It further outlines current progress on the synthetic approaches
for chemical doping (substitutional and surface transfer doping) of graphene
and graphene oxide with different heteroatoms in order to fine-tune the elec-
tronic properties. The use of heteroatom-doped graphene as a CE in DSSCs
and how it improves the photovoltaic performance of cells is discussed.
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1 | INTRODUCTION

The United Nations sustainable development goal, num-
ber 7, advocates for clean and affordable energy for all.
To attain this goal, the global focus has been on renew-
able energy sources. Sustainable renewable energy
sources include solar,’ geothermal,>® biomass,* wind,’
biofuels,” ocean waves, and hydroelectricity.®” Solar
energy has proven to be highly sustainable posing negligi-
ble release pollutants if any, thus having, minimal or zero
negative impact on the environment.

2 | SOLAR CELLS

Solar cells are widely used for terrestrial applications and
are economically competitive as alternative energy
sources for domestic appliances, such as refrigerators.®’
Further, solar cells are used in various devices from
handheld calculators to rooftop solar panels.'®'! Solar
cells are grouped based on the nature of materials used
and the conversion efficiency.'®> Table 1 compares the
efficiencies of various solar cells with first generation
solar cells.

In the quest of addressing the challenges faced by cur-
rent solar cells newer efficient solar cells are under inten-
sive investigation. These include concentrated solar cells,
polymer-based solar cells, nanocrystal-based solar cells
(quantum dot solar cells), and dye-sensitized solar cells
(DSSCs). These novel technologies, although promising,
are yet to be commercially proven. The most favourable
technology is the use of DSSCs as an alternative to
silicon-based solar cells,*? firstly, because they can func-
tion at low light intensities and are environmentally

TABLE 1 Energy conversion efficiency of different types of solar
cells

Types of Solar Cells Efficiency/% Ref.

Single/monocrystalline Si 20.6 13
Polycrystalline Si ~12-14 12
Amorphous Si 10.1 14
Cadmium telluride (CdTe) thin film 13 e
Copper indium gallium selenide 21.9 17
(CIGS) thin film
Nanocrystal 7.2 18
Polymer 3-9 and 10.8 19-21
Concentrated ~40 22
Organic 9.5 =
Dye-sensitized 7.8 2
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friendly, secondly, have simple fabrication process, low
production cost, high efficiency, and feasibility to be
printed on a flexible substrate. DSSCs differ from conven-
tional semiconductor devices in that they separate the
function of light absorption from charge carrier transport.
They absorb the incident sunlight and exploit the capabil-
ity of light energy to induce a vectorial electron transfer
reaction.

The novelty of these solar cells emerges from the pho-
tosensitization of nano fine-grained titanium oxide (TiO,)
coated with active dyes, consequently improving the effi-
ciencies of the cells.”® Dye-sensitized solar cells enjoy the
flexibility of expanding the range of applications where
conventional solar cells are unsuitable. However, DSSCs
suffer from a number of challenges, such as
photodegradation of the dye molecule.”” The dye
photodegradation generally occurs when the dye is
exposed to infrared and ultraviolet radiation leading to a
shorter lifetime and poor stability of the DSSCs. The
major cause is poor optical absorption of the dye-
sensitizer, and the resultant effect is a lower conversion
efficiency.

Dye-sensitized solar cells are made up of four compo-
nents, namely, a dye sensitizer, a semiconductor elec-
trode (photoanode), the electrolyte, and a counter
electrode (CE) (Figure 1). The photoanode contains a
mesoporous oxide layer (generally, TiO,) which is depos-
ited on a transparent conductive glass substrate.”® The
dye-sensitizer is covalently bonded to the TiO, layer to
harvest light and produce photo-excited electrons. The
performance of DSSCs is mostly dependent on the
molecular structure of the dye-sensitizer. Three different
classes of dye sensitizers have been reported to be used
in DSSCs, such as metal-free organic sensitizers, com-
plex sensitizers, and natural sensitizers.” The electrolyte
is made up of a redox couple (generally, iodide/triiodide
(I"/1;7) and Co(2,2-bipyridine);****)* in an organic
solvent in order to accumulate electrons and cause dye-
regeneration. The electrolyte also functions as a charge
transport medium for the transmission of positive charge
to the CE.>' The electrolyte is expected to have low vis-
cosity for faster electron diffusion to occur, high electri-
cal conductivity, excellent contact between the CE and
the nanocrystalline semiconductor, lack of absorption
of light in the visible region, and no degradation of
dye. The CE consists of a conductive glass substrate
which is coated with platinum. It is mostly used to trans-
port the electrons which come from the external circuit
and go back to the electrolyte.*>** Accordingly, for effec-
tive charge transfer, the CE is required to display a high
electrical conductivity and catalytic activity. Therefore,
the catalyst must increase the rate of the reduction
reaction.
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FIGURE 1 A schematic diagram of a

3 | MECHANISTIC ISSUES IN
DSSCS

In DSSCs, the optical excitation of the dye causes electron
promotion into the conduction band of the metal oxide.
The promoted electrons are transported to the external
circuit through the metal oxide film. A redox electrolyte
is traditionally inserted into the film pores, which serves
as a hole transporting material, and also serves to re-
reduce the photo-oxidized dye and transfer the resultant
positive charge to the counter-electrode®>® The net effect
of the structural design is an optimized electronic cou-
pling that is sufficiently large for charge separation to
compete effectively with excited state decay, and small
enough to minimize charge recombination. An optimum
DSSC performance is attained when the recombination
dynamics are as slow as possible but allows fast electron
injection to compete effectively with excited state decay,
thus, minimizing kinetic redundancy in the system.
Another approach to minimize system kinetic redun-
dancy is the addition of a secondary electron donor or
acceptor species; this increases the spatial separation of
the electron and hole and slows charge recombination
without necessarily retarding charge separation. The
physical separation of the injected electrons and the oxi-
dized dye retards the recombination reactions and modu-
lates surface dipoles and pacifies surface states. The
reduced recombination losses improve photovoltaic
device performance.®

Considering the solid-liquid interface at the CE, the
interfacial charge-transfer mechanism requires an effi-
cient electron transfer that is attributed to the strong
overlap of wave functions between the excited states. In

DSSC** [Colour figure can be viewed at
wileyonlinelibrary.com]

this case, an electron transfers adiabatically by occupying
the bridging state in the lowest excited-state once the
exciton diffuses to the interface region.’” Thus, to induce
the charge separation process, the closely lying single-
particle states just above (energetically) this electron-
transferring bridge state facilitate the exciton dissociation
(complete transfer) to form the bound ion pairs. How-
ever, large vibronic couplings are expected among them
because of the near degeneracy of these single-particle
states and significant spatial overlap with the bridge
state.”” The near-degenerate single particle states enable
efficient exciton dissociation and reduce the probability
of the electron to recombine with the hole through the
bridge state. Another possible mechanism for exciton dis-
sociation is the single-phase rearrangement of the near-
degenerate single-particle states as a result of geometrical
distortions. The geometrical distortions induce strong
coupling of electronic structure and, particularly, the t;,
state is split into a combination of singly and doubly
degenerate states.*® It should be noted that a covalent
activation of the graphene surface, for instance, can
change the relevant energetics by inducing a splitting of
the degenerate lowest unoccupied molecular orbital
(LUMO) states. Further, the energy alignment of elec-
tronic single-particle states at the interface is significantly
altered in the excited state because of the transferring
charge at the nanoscale heterojunction.

It has been recently suggested that a near degeneracy
enables an asymmetric exciplex state that acts as an effec-
tive intermediate state for transferring charge thereby
facilitating exciton dissociation. It can, therefore, be
expected that the disruption of degenerate LUMO states
in general accounts for a less efficient exciton
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dissociation. Thus, covalent functionalization of graphene
induces disruption of the LUMO degeneracy.”’ It can be
argued that a larger wave function overlap in the excited
state partly satisfies this important criterion and allows
for a fast adiabatic electron transfer. However, the exis-
tence of such an adiabatic transfer channel alone may
not solely lead to an efficient charge separation process
unless there exists in the energetic vicinity other states
that can facilitate the exciton dissociation efficiently. By
functionalization of molecular chemistry at the surface,
one can tailor the electronic structure such that the bridg-
ing state for the transferring electron forms near the con-
duction band minimum.*” A conventional nonadiabatic
electron-transfer mechanism can also serve to explain
the observed ultrafast charge transfer assuming the
semi-infinite acceptor states are in the conduction band
of the metal oxide, and that the photoexcited electron
within the dye has a very high total transition probability
to the metal oxide.*

A judious asymmetric activation of the graphene sur-
face with different chemical moieties can lead to a guided
self-assembly of heteroatom doped-graphene sheets into
hierarchically structured materials. The graphene edge
and/or basal plane chemical activation may be via cova-
lent or noncovalent interaction. These impart solubility,
film forming capability, and enhanced chemical reactivity
that modulate the properties for multifunctional applica-
tions.***° For instance, Ju et al*! recently reported edge-
selective doping as a way of preserving the pristine
graphene basal plane and further showed that edge-
selenated graphene nanoplatelets are robust metal-free
catalysts for the iodine redox reaction in the CE of DSSCs.
The value of the charge transfer resistance, R, at the CE-
electrolyte interface indicates the effectiveness of the CE
in regenerating the iodine species in the electrolyte. A
lower R value shows an enhanced reduction of triiodide
ions on the CE-electrolyte interface, thereby increasing
the availability of I ions on the dye-electrolyte interface.
The resultant effect is the suppression of charge recombi-
nation in the photoanode and an increase in the open cir-
cuit voltage of the DSSCs. The iodine reduction reaction
occurring at the CE/electrolyte interface is the major
rate-determining step in DSSCs** and the energy of the
I atom can serve as a good descriptor for the iodine reduc-
tion reaction.

4 | COUNTER ELECTRODES IN
DSSCS

The CE plays a big role in DSSC. It is responsible for
catalysing the reduction of I, to I" after electron injec-
tion.** The CE is expected to be highly conductive and
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highly catalytic. Different methods have been reported
for the preparation of CEs, such as chemical vapour depo-
sition,**** chemical reduction,***’ hydrothermal reac-
tion,***®  electrochemical  deposition,*°  thermal
decomposition,”>** in situ polymerization,’>** and sput-
ter deposition.>>>” The preparation approach influences
the morphology, surface area, particle size, electro-
chemical, and catalytic properties of the electrode.”® The
large surface area and small particle size generate more
catalytically active sites and enhance the improvement
of the electrocatalytic activity of CE.*® The preparation
methods of CEs are different based on the material from
which they are made.

Different CEs have been employed such as conductive
substrates (conductive glass substrate, conductive poly-
mer substrate and metal substrate),” transparent
CEs,®°! flexible CEs,°> polymer CEs,°*®* transition
metal compound CEs (carbides and nitrides, chalcogen-
ides, oxides),’> hybrid CEs (platinum-loaded hybrids,
transition metal compounds (TMCs)/carbon hydride,
carbon/polymer hybrids, polymer/TMC hybrids),*® metal
and alloy CEs (platinum CE),*” and carbon CEs (carbon
black nanoparticles, carbon nanofibers, carbon nano-
tubes, graphene).®®

In most cases, platinum-loaded conducting glass has
been used as the CE because of its good conductivity and
high catalytic activity.®” However, when the platinum-
loaded conducting glass is working against I7/I;™ in the
electrolyte, it possesses a high corrosion stability.®®”® Con-
sequently, different platinum-based CEs have been inten-
sively used, such as, platinum nanoparticles and
platinum composite materials.”*”* Platinum nanoparti-
cles are the best transparent and stable CEs because of
their high density of catalytic sites and high surface area.”*
Platinum nanoparticles have been employed in DSSCs to
produce a power efficiency of 9.75% whilst a planar plati-
num produced an efficiency of 7.87%. Similar studies have
been conducted to exhibit the photovoltaic and catalytic
behaviour of various platinum facets.

Zhang et al’* demonstrated that different Pt facets, eg,
Pt(100), Pt(111), and Pt(411), exhibit different photovoltaic
performance. Pt (111) was found to have a lower charge
transfer resistance than other facets. The electrocatalytic
activity was also improved by using a platinum composite
containing a polymer and carbon. Yen et al’* reported the
use of a Pt composite composed of Pt nanoparticles
supported on fluorine-doped tin oxide (FTO) and platinum
nanoparticle/graphene composite (Pt NP/GR) in DSSCs.
Its photovoltaic performance and physical properties
were compared with those of Pt films and graphene. It
was revealed that Pt NP/GR have a higher surface area,
hydrophilicity, and electron transfer rate because of the
presence of oxygen in graphene. Pt NP/GR showed a

53,54
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photovoltaic performance of 6.35%, which was much
higher than that of graphene and Pt film as a CE.”?

The problem with using platinum-based CEs is that Pt
is very expensive due to its wider range of applications
(especially in the vehicle industry).”” Therefore,
platinum-free materials are employed in DSSCs as a
replacement for platinum-based materials. Various
materials, such as carbides,”® nitrides,”” transition metal
sulfides,”® and carbon,” are employed as CEs. The use
of carbon materials in DSSCs is quite appealing because
they are cheap, commonly available in large quantities,
exhibits excellent catalytic activity, is environmental
friendly, and is corrosion resistant.**

However, the photovoltaic performance of carbon in
DSSCs has been reported to be poor compared with that
of platinum-based materials.*® Energy conversion effi-
ciencies of 3.9%, 4.5%, and 5.75% in DSSCs has been
obtained when carbon nanotubes,® activated carbon,*
and graphite,®* respectively, are used as CEs. The disad-
vantage of using carbon-based CEs is that they require a
large amount of carbon to produce a comparable effi-
ciency to platinum-based CEs.*> This makes the device
opaquer and bulkier. However, different modifications
of carbon have been performed in order to enhance the
photovoltaic performance.®®

Carbon is an extremely light and versatile material.
The two common forms of carbon, diamond, and graph-
ite (Figure 2A,B). Diamond is hard and transparent
whereas graphite is very soft and opaque. They differ in
the structure or the hybridization of the carbon atoms,
for example, graphite is sp”-hybridized while the hybridi-
zation in diamond is sp®. Graphite is a good thermal and
electric conductor within the layers; however, it is a poor
thermal and electrical conductor between the layers. Due
to its electrical conductivity, graphite is employed as an
electro-chemical electrode.® Graphene is considered as
the fewest layer of graphite®® (one atom thick sheets).
Graphene and its derivatives have been applied in solar
cells since 2004.5” Graphene has been recommended as
a substitute material for the CE. This is because it

FIGURE 2 The common allotropes of carbon: A, diamond and B,
graphite®*

possesses a large surface area, excellent electrocatalytic
properties, and high optical transmittance. It is frequently
chemically doped with different heteroatoms to optimize
its structure and tune its conductivity and catalytic activ-
ity with the aim of further improving the power conver-
sion efficiency in solar cells.”>* The current work offers
an in-depth review of chemical doping of graphene,
explores the creation of a band gap in graphene, and
revisits heteroatom-doping of graphene and its effect on
electrical conductivity. It further demonstrates the poten-
tial of heteroatom-doped graphene as a CE for DSSCs.

5 | GRAPHENE AS A COUNTER
ELECTRODE MATERIAL

Graphene is a single, thin layer of carbon, a latest mem-
ber of carbon-based nanomaterials. It is the fundamental
structural component of other allotropes, such as dia-
mond, fullerenes, and carbon nanotubes.® In graphene,
the carbon atoms are bonded together in a hexagonal
honeycomb lattice. It is a two-dimensional nanostruc-
tured carbon-based material.”® The name graphene was
introduced in 1994 by Boehm, Setton, and Stump.**

The lateral dimensions of graphene may vary from
several nanometres to microscale, eg, monolayer, bilayer,
and tri-layer.”” Monolayer graphene is also called single-
layer graphene and is preferred for use in high-frequency
electronic applications.”? It possesses a high mobility,
high optical transparency, and high surface area.”” These
properties allow monolayer graphene to be a good
material for improving the efficiency in DSSCs.’>%?
Bilayer or tri-layer graphene consists of two or three
layers, respectively. As the number of layers increases,
they display different electrical properties.*” Monolayer
graphene has a zero-band gap while bilayer graphene
has a parabolic band structure (effective mass
m = 6.6 x 107 kg),** and its band gap can be varied
by using an external perpendicular electrical field.***>°
Similarly, tri-layer graphene also has a parabolic band;
however, the effective mass (m = 9.3 x 107*® kg) is larger
than that of bilayer graphene.®*

There are different types of graphene-based nano-
structures with various morphologies that have been
reported. These are zero-dimension graphene quantum
dots (GQDs), one- dimension graphene nanoribbons
(GNRs), and two-dimension graphene nanosheets
(GNSs).”” GQDs have nanometre-scaled graphene parti-
cles that contains a sp>-sp” carbon bond.”® They have a
high surface area and high transparency which allows
them to be applied in energy and display applications.
GNSs are metal-like conductors with zero-bandgap while
GNRs can be either semiconducting or metallic.”® These



NGIDI ET AL.

new graphene materials have unique electrochemical
properties in comparison with pristine graphene. The
properties of GNRs and GQDs can be tailored by modula-
tion of the respective edges and sizes."® For example,
GNRs having a width that is narrower than 10 nm have
good semiconducting characteristics while GNRs that
have a width larger than 10 nm have weak semiconduct-
ing characteristics.”” The mainly zigzag-edged GNRs
(2.3 nm wide) show a smaller bandgap of 0.14 eV, while
the armchair GNRs (2.9 nm wide) have a bandgap of
0.38 eV, which indicates that the higher concentration
of zigzag edges causes the energy gap to decrease because
of the staggered sub-lattice potential through the zigzag
terminated edges.'*"'%*

Normally, the carbon atom contains a total of six elec-
trons; two electrons are situated in the inner shell while
the other four electrons are in the outermost shell and
are available for chemical bonding. However, the carbon
atom in graphene is bonded to three other atoms because
of sp”-hybridization. The other electron in the dimension
remains unbonded so that it can be used during elec-
tronic conduction.'® In a molecular orbital perspective,
the stability of graphene is caused by the tightly packed
carbon atom and sp® orbital hybridization with p,, Dy
and s as atomic bonding orbitals on each constrained car-
bon atom creating three strong o bonds along with three
other surroundings atoms.'*"'®> Each neighbouring atom
has an overlapping p, orbital which forms a valence band
(filled band of 7 orbitals) and the conduction band
(empty band 7t orbital). These bands are the essence of
the electron properties of graphene by a means of a
half-filled band which allows free-moving electrons.'*®
Figure 3 shows the band structures of graphene and the
zoomed energy bands of the Dirac point (showing the
junction of the conduction band and valence band at
the K and K’ points in the reciprocal space).

Graphene possesses high electrical conductivity, and
zero-gap as illustrated in Figure 3. Thus, it functions as

(A) (B)
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a semimetal. This is because its conduction band can
make contact with the valence band at the Dirac point.'”’
Consequently, a device which is fabricated from zero-
bandgap graphene tends to lose the advantage of the
low static power consumption and is difficult to switch
off due the to the very low on/off ratio. Hence, creating
a well-tuned and sizeable bandgap is a great challenge
in graphene-based electron devices.

The absence of a bandgap is ascribed to the similar
environment of the two sublattices of the carbon atoms
in the unit cell of the graphene.'”” The Fermi level in
an unperturbed graphene sheet coincides with the Dirac
point where minimum conductivity occurs.'®® Figure 3B
shows pristine graphene exhibiting a strong ambipolar
field effect which further demonstrates the possibilities
of doping. N- and p-type graphene (Figure 3C,D) occurs
when there is a shift in the Dirac point in relation to
the Fermi level caused by chemical modification.'®

Many techniques have been proposed to create a band
gap in graphene; among them are bilayer graphene with
an induced band gap (GNRs and GQDs) or a substrate-
induced band gap. The chemical functionalization of
graphene causes modifications of the carbon sp” lattice."*
This changes the surface, chemical, and electronic prop-
erties of graphene and helps in enhancing free charge-
carrier densities and electrical conductivity.*'°

Chemical modification can be achieved by covalent
and non-covalent interactions'® for instance, atom dop-
ing of graphene,"'''* a phenomenon made possible by
functionalizing graphene, making use of the unsaturated
structure of graphene. Non-covalent modification makes
use of hydrogen bonding,"'*''* coordination bonds,"**!
electrostatic interactions,"'”'"® m-m stacking interac-
tions,""*'*° and van der Waals forces.'*'"'** The interac-
tions that occur through non-covalent bonding are
relatively weak compared with those from covalent mod-
ification.'” Covalent modification of graphene forms
stronger bonds between the modifier and graphene. The

ermi level
—

ermi level

n-type p-type

©) (D)

FIGURE 3 (A) The 3D band structure of graphene'®; (B) the lower energy band structure of graphene with the two cones which intersect
at the Dirac point and the bandgap of the energy band structure of (C) n-type graphene and (D) p-type graphene'®® [Colour figure can be

viewed at wileyonlinelibrary.com|
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problem with covalent modification is that the bonds are
unrecognizable because they lack functional groups that
can be conjugated with carbon in graphene.'**

Chemical modification, such as hydrogenation,'** oxi-
dation of graphene,*® chemical doping (heteroatom-doped
graphene),"*”**® reduction of graphene oxide (GO),'**"**
and fluorination,'* is an alternative way to create a band
gap in graphene. Balog et al'** investigated the bandgap
opening process onto the Moire superlattice locality of
graphene by using mosaic adsorption of atomic hydrogen.
In this approach, graphene that had been synthesized on
an Ir(111) substrate was exposed to atomic hydrogen. This
resulted in partially or fully hydrogenated graphene which
displayed different thermopower, magneto-electronic, and
structural properties. Consequently, several working
groups have reported the chemical doping (heteroatom
doping) of graphene as a means to improve the perfor-
mance of graphene-based devices, thus opening up a wider
range for the application of graphene ®*'3*13*

This review focusses on heteroatom-doped graphene
as a suitable material for the construction of CEs in
DSSCs. In particular, the following aspects are discussed:

« The potential of heteroatom-doped graphene as a CE
for DSSCs.

« The ability of chemical doping of graphene to create
an energy bandgap and form catalytic sites.

« The enhanced electrical conductivity of heteroatom-
doped graphene.

« The dependency of the heteroatom-doping level on
the dopant and the different doping techniques.

« The synergistic effect between the co-dopants and
graphene to provide well-defined properties.

Hence, the review should offer in-depth comments on
chemical doping of graphene, explore the creation of a
band gap in graphene, revisit heteroatom-doping of
graphene and its effect on electrical conductivity, and
demonstrate the potential of heteroatom-doped graphene
as a CE for DSSCs.

6 | HETEROATOM-DOPED
GRAPHENE

Chemical doping not only creates the bandgap but also
controls the concentration and type of charge being
injected into graphene.”>'*>'3® It aids in modifying the
electronic properties of graphene.”” There are two types
of chemical doping of graphene, namely, surface-transfer
doping and substitutional doping. Surface-transfer doping
occurs when a functional group is added on the graphene
sheet.*’ It is attained by electron exchange between a

semiconductor and a dopant that accumulates the elec-
trons on the surface of a semiconductor. Thus, it is also
called adsorbate-induced doping. During surface transfer
doping, the structure of graphene is not disrupted.'**'*
Therefore, this doping process is reversible.'** The charge
transfer depends on the density of states of the dopant in
the Fermi level of graphene.'*' The dopant acts as a
donor when the charge transfer is found above the Fermi
level of graphene, whereas when it is below the Fermi
level, the dopant acts as an acceptor.'*®

Substitutional doping is attained through the replace-
ment of a carbon atom in the graphene lattice by another
atom which has a different number of valence elec-
trons.”>'** Introduction of heteroatoms gives graphene
more active sites.”>'** Deng et al’® reported that the addi-
tion of a heteroatom with a different electronegativity
from carbon reduces the electroneutrality of graphene
and forms an active site. The active site causes graphene
to exhibit unique physicochemical properties’® character-
istic of the nature of the heteroatom in question. The het-
eroatom can be an electron acceptor or electron donor.
Substitution with an atom with more valence electrons
than carbon brings about n-type conductivity, whereas
an atom with fewer valence electrons results in p-type
conductivity'** as described earlier. The synthetic
methods for producing substitutional doped graphene
are classified into two categories: post-treatment and in
situ approaches.

The in situ approaches can be achieved by using dif-
ferent methods, namely ball milling,"*>'*¢ chemical
vapour deposition (CVD)'* and bottom-up synthe-
sis.'*”1*® Similarly, there are different types of post-
treatment methods, such as thermal annealing,''®'*?
wet chemical methods,*****® plasma treatment,"”’ and
arc discharge'>® approaches. Different kinds of dopants
have been incorporated in graphene; these include oxy-
gen, nitrogen, boron, sulfur, and phosphorus.72 However,
nitrogen and boron have caught the attention of most sci-
entists. This is because they both have atomic radii which
are similar to that of carbon. They also have a similar
size, and hence, their incorporation into graphene is
effortless.

6.1 | Morphology of heteroatom-doped
graphene

The adsorbed heteroatoms on graphene through doping
distort the carbon atoms vertically, with almost no modi-
fication of the in-plane structures. Generally, heteroatoms
distort the local geometry of graphene by locally
rehybridizing the bonding from pz + sp® to sp® which
causes a gap to open. This spin is quenched by the
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presence of a rotated C—C bond (a Stone-Wales defect)
adjacent to or distant from the heteroatom."**'** The
net effect is that the ground state shows a ferromagnetic
order, with a total energy of a few tens meV lower than
the nonmagnetic ground state. The heteroatom adsorp-
tion opens a gap that depends on the guest atom, and
the optical conductivities indicate fine structures at the
band edge. However, the spin-orbit coupling, and the
nonzero off-diagonal components of the conductivity pre-
dict Kerr and Faraday effects without an external mag-
netic field">* on doped graphene sheets. Graphene oxide
(GO), which is an oxidized derivative of graphene, with
an oxygen-rich surface, has an improved dispersion in
aqueous mixed matrices. Co-doping of heteroatoms syn-
ergistically enhances the asymmetric spin and charge
densities of carbon atoms that are responsible for superior
electro-catalytic activity.'>> Co-doping of N and S atoms
on graphene nanosheets substantially enhances the
asymmetric spin density as well as the charge density,
which are responsible for the electrocatalytic activities.

6.2 | Oxygen-doped graphene

Oxygen is one of the elements with higher electronegativ-
ity. It cannot be substitutionally doped into the graphene
lattice because of its larger size and strong electronegativ-
ity. However, graphene can be covalently functionalized
with a plethora of oxygen moieties."*® These oxygen func-
tionalities on the graphene sheet exhibit a surface-transfer
doping effect. GO is widely studied, and it is oxidatively
synthesized from graphite powder.'* The introduction of
oxygen functionalities in the graphite structure occurs
during the oxidation of graphite with the use of a strong
oxidizing agent.*® This not only changes the structure
but also expands the layer separation and causes the mate-
rial to become hydrophilic. When graphite is exfoliated in
water via sonication, a final product, usually consisting of
a single or a few layers of graphene, called GO is realized.
The GO and graphite oxide differ in the number of layers.
Graphite oxide consists of a multilayer system while GO
has a few layers or consists of monolayer flakes.**®

This oxidation of graphite can be regarded as oxygen-
doped graphene. The GO lattice contains hydroxyl
(—OH) and epoxyl groups (—C—O—C) on the basal
planes, while at the edges, it has carboxyl (—COOH)
groups. The carbon atoms on which the oxygen groups
are attached are transformed from the sp® to the sp’
hybridization state with local distortions of the graphene
planar structure. This disruption of the sp” hybridization
state creates a bandgap in graphene and causes GO to
be non-conductive.””” It has been reported that GO
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consists of a heterogeneous electronic structure because
of the assorted hybridizations (sp and sp®)."*®

Addition of oxygen to graphene can be performed by
using either a top-down or a bottom-up wet chemical oxi-
dation.”® The top-down wet chemical oxidation method
is widely used because it generates a high yield of
GO."° It involves the oxidation of graphite via different
chemical routes such as Brodie's oxidation method (fum-
ing nitric acid and potassium chlorate),'®’ Staudenmaier
method (fuming HNO;, concentrated H,SO,4, and
KCl0O,),'** Hofmann method (concentrated HNO;, con-
centrated H,SO,, and KCl0,),'** and Hummers method
(concentrated H,SO, in the presence of KMnO,).'**
Hummers method has been reported to be the best and
simplest method to yield good quality GO.'*>"7

Graphene oxide acts as an electrically insulating
material because of the structural disorder applied by
the C—O bonds (sp’) which disrupts its conductive 7-
network.'®® The disruption in electrical conductivity can
be restored by reduction of GO. The oxygen functional
groups in GO can be removed by using different methods
such as chemical treatment or thermal annealing to form
reduced-GO (rGO). rGO can be synthesized by using dif-
ferent chemical techniques such as chemical reduc-
tion,'**”* thermal reduction,'’> microwave and photo-
reduction,’’*'”*  photocatalyst  reduction,'””  and
solvothermal/hydrothermal reduction.'”®"”®  However,
the most frequently used technique for reduction is
chemical reduction. rGO has similar properties to those
of GO. Mathkar et al'*® reported that reduction of GO
also modifies the bandgap. The structural altering of GO
to rGO causes gradual changes in thermal stability,'®'
electrical conductivity,'®* carrier mobility,'®* and optical
bandgap.'®*

The chemical reduction method uses different reduc-
ing agents, such as amino acid,'® sodium borohydride,"*°
urea,'®® hydrazine hydrate,'” ascorbic acid,'®® strong
alkaline solution,'® and glucose,'®® and this may involve
ultrasonication of the chemicals with GO in water.'!
Chemical reduction of GO produces rGO and large quan-
tities of graphene.'”® The rGO formed after
ultrasonication bears resemblance to graphene, yet it con-
tains residual oxygen and structural defects. After the
reduction process, some of the oxygen-containing groups
are removed, and the m-electron conjugation is partially
reinstated in the graphene aromatic system.

The main challenge of the chemical reduction method
is the use of hazardous chemicals as reducing agents, eg,
sodium borohydride, and thermal treatment consumes a
lot of energy. Therefore, green reduction methods are
now sought as alternative approaches, eg, the
photothermal reduction method.'*> Photothermal reduc-
tion does not require the use of chemicals and high
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temperature annealing. Cote et al'®® demonstrated that
GO can be reduced by using a flash-reduction approach
whereby GO is exposed to a pulsed Xe flash under ambi-
ent conditions. Recently, Chien et al'®* reported that the
photoluminescence properties of rGO can be controlled
by using a photothermal reduction method at different
exposure times.

6.3 | Nitrogen-doped graphene

Nitrogen, with an electronic configuration of 1s*2s*2p°, is
a natural choice as a dopant. In the periodic table, it is sit-
uated next to carbon (1s°2s*2p?). It possesses one more
valence electron than carbon. It has a higher electronega-
tivity (x = 3.04) than carbon (x = 2.55)."> Nitrogen atoms
tend to donate electrons into graphene when incorpo-
rated into the basal plane of graphene occasioning n-type
(negative) charge carrier characteristics. The n-type
graphene occurs when a group 15 element is used as a
dopant. Group 15 elements have five valence electrons
and, thus, can donate an electron to the four-valent host
material. Doping with nitrogen creates polarization in
the sp® carbon network which influences the chemical
and physical properties of graphene.'”® It had been
reported that nitrogen doping can tune the characteristics
of graphene materials, by creating a bandgap and induc-
ing charge-carrier characteristics. The bandgap creation
occurs near the Dirac point by suppressing the nearby
density of states and granting graphene semiconducting
properties.'®> Zhang et al'®’ reported a bandgap of 0.16
eV which demonstrated that doping with nitrogen tunes
the electrical properties of graphene. Shao et al'®® also
demonstrated that the presence of nitrogen atoms in
graphene improves their ability to donate electrons to
the adjoining carbon atoms.

Nitrogen-doped graphene (N-doped graphene) usually
has three common bonding configurations within the car-
bon lattice. These include graphitic-N (or quaternary-N),
pyridinic-N, and pyrrolic-N atoms (Figure 4).'*°
Pyrrolic- and pyridinic-N occur at the defects sites, and
these defects impose the p-doping effect through with-
drawing of electrons from the graphene sheet.'”
Pyridinic-N refers to a nitrogen bonded to two carbon
atoms at the edges which donates one p-electron to the
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FIGURE 4 Schematic diagram of the bonding configurations of
nitrogen atoms in N-doped graphene'®®

7 system, while the pyrrolic-N refers to nitrogen atoms
that donate two p-electrons to the m system.”*® In the
graphitic-N, the nitrogen atom sits in-plane, replacing
the carbon atoms in the hexagonal ring. These bonding
configurations have different hybridization states of the
nitrogen atom, which in turn has some effects on the
electrical ~ properties of N-doped graphene.'”’
Quaternary-N and pyridinic-N are sp” hybridized since
the nitrogen atom is coordinated to two atoms, while
pyrrolic-N is sp® hybridized.'” Beside these three-
bonding configurations, nitrogen oxides of pyridinic-N
have been discovered in both nitrogen-doped carbon
nanotubes and N-doped graphene.'*®*°" This configura-
tion occurs when the nitrogen atom bonds with one oxy-
gen and two carbon atoms. N-doped graphene and
pristine graphene have different properties. For example,
the charge distribution and spin density of carbon atoms
in N-doped graphene will be affected by the neighbour
nitrogen dopants.”®**°% This creates an “activation region”
on the surface of graphene. This activation region can
participate in catalytic reactions known as oxygen reduc-
tion reactions (ORR).

When monolayer graphene has been successfully
doped with nitrogen, the Fermi level moves over the
Dirac point,?°**** and the density of states near the Fermi
level is suppressed.> This results in band opening
between the valence band and conduction band. This
band gap enables N-doped graphene to be further applied
in semiconducting devices.**

6.3.1 | Preparation of N-doped graphene

N-doped graphene can be synthesized in two different
ways, either by post-synthesis treatment or by direct syn-
thesis. The post-treatment method mostly results in sur-
face doping only, while the direct synthesis method
leads to homogeneous doping.®® Specifically, post-
synthesis treatment can be performed by using different
techniques such as plasma treatment, hydrazine (N,H,)
treatment and thermal treatment.?’” However, the direct
synthesis involves solvothermal, arc discharge, and
CVD.>®

Post-synthesis treatment

The thermal treatment strategy is an extensively used
approach to introduce nitrogen into graphene frame-
works. This approach enables the use of various dopant
precursors in the synthetic method (Table 2). Doping of
graphene or GO with nitrogen-containing compounds is
performed through high temperature and hydrothermal
treatment. Compounds containing nitrogen such as urea,
melamine, cyanamide, polyaniline, ammonia, and
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TABLE 2 Synopsis of heteroatom-doped graphene doping approaches

Approaches Advantages

Shortcomings Ref.

CVD

Microwave-plasma CVD (MPCVD)

Arc discharge

Thermal annealing

«Easy to scale-up the reaction
«Concurrently doping and growth
of large sheet of graphene

*Good reproducibility

*Requires low temperature
Results in high level of doping

«Mass production

«Easy to control doping level

« Allows various choices of dopant

«Sometimes, it can produce
hazardous waste gases

«Product may not be pure
(due to hydrogen incorporation)

«High process temperatures
«Slow and two-step process
«Expensive and more complex

«Results in low doping level
«Requires high voltage

«Requires high temperature
«Results in low doping level

169,209-211

212,213

152,214

215,216

precursors (solids, liquids and gases)

«Short reaction time
«Consume low power

Plasma treatment

hydrazine have been used as nitrogen sources.'”® It has
been reported that when graphene is heated with ammo-
nia at temperatures of 800°C or above N-doped graphene
is obtained.”'®*' High temperature annealing of
graphene has resulted in N-GNRs.**°

Gou et al*'® reported that the yield of N-doped
graphene synthesized from the thermal treatment is rela-
tively low, specifically having a doping level of 1.1% at a
temperature of 1100°C. However, Geng et al*'® discov-
ered that at temperatures of 800°C and 900°C, there was
highest nitrogen doping level of 2.8%. The low nitrogen
content may be ascribed to high temperature which
breaks the graphene C—N bonds lowering defect num-
bers in graphene.”'® They argued that nitrogen doping
in graphene more likely happens at the edge and defect
sites.*'® They also proposed that more dominant bonding
configurations which occur during high temperatures are
pyrrolic-N and pyridinic-N.*'* However, Wang et al**
concluded that the nitrogen atom insertion in GNRs
favours edge functionalization. All these reports showed
that temperature has a crucial impact on increasing level
of N-doped graphene.

Apart from graphene, GO has also been employed in
the synthesis of N-doped graphene using thermal treat-
ment with different nitrogen precursors.>*’ Sheng
et al*** investigated the effect of high temperature
between 700°C and 1000°C during the process of anneal-
ing GO with melamine. They reported that at these
higher temperatures, the GO was not only doped with
nitrogen but also the oxygen functional groups were
reduced. The higher the temperature, the higher the
reduction of oxygen functional groups. Similar findings
were reported by Li et al''® where they reported that

«Produces low yield 27

the high temperature does not only reduce oxygen func-
tional groups but also lowers the nitrogen content. How-
ever, Sliwak et al**® reported the nitrogen-doped reduced
GO obtained from hydrothermal route gave very high
nitrogen content of 10.9% to 13.4%. Hence, no single con-
clusion can be drawn as results are contradictory.

N-doped graphene tends to have different layer distri-
bution which is highly dependent on the synthesis
parameters, especially temperature. Many researchers
have reported that doping of GO at higher temperature
results in few-layer N-doped graphene.??**%° However,
Ying et al*** reported few-layer N-doped graphene syn-
thesized at a lower temperature of 180°C. N-doped
graphene is not only highly dependent on growth temper-
ature but also on the synthetic mass ratio of nitrogen
source and GO. The highest nitrogen doping (10.1%) is
attained when a mass ratio of 0.2:1 of GO to melamine
(nitrogen source) at a growth temperature of 700°C*** is
employed. Li et al'*® demonstrated that annealing GO at
500°C under NH; atmosphere can reduce GO and dope
the graphene with 5% nitrogen content.

Direct synthesis

Arc discharge approach Arc discharge method has
been employed to synthesize carbon-based materials such
as carbon nanotubes.””” It was shown that N-doped
graphene synthesized from nanodiamond transformation
have higher nitrogen content as compared with those
synthesized from graphite.>*® In order to synthesize N-
doped graphene, it requires buffer gases as nitrogen
sources.">® Li et al' reported N-doped multi-layered
graphene sheet synthesized from arc discharge using
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ammonia as a nitrogen precursor. They showed that the
nitrogen content was approximately 1% which was con-
sistent with what Rao et al**® discovered. Rao et al**®
made use of ammonia and pyridine as nitrogen source,
and the XPS data revealed that the samples had a nitro-
gen content of 1% and 0.6%, respectively. The arc dis-
charge method is capable of synthesizing N-doped
graphene in high purity and large quantities. However,
the disadvantage of this method is that in the graphene
structure, only a small quantity of nitrogen (Table 2)
can be introduced.”*® By controlling parameters such as
exposure time and plasma strength, the doping level
could be optimized and regulated.

Chemical vapour deposition Chemical vapour depo-
sition is a versatile technique used in the synthesis of
carbon-based nanostructures like graphene. It can pro-
duce large defect-free and few or single-layered graphene
films.**® It is highly dependent on the three parameters
namely, growth temperature, catalyst, and a precursor.
CVD method works by decomposing hydrocarbon gases
under high temperature with the aid of a catalyst to form
sp° carbon species. The catalytic growth mechanism
makes the CVD method a suitable way to dope graphene
films with different heteroatoms, especially to directly
incorporate heteroatoms into the carbon lattices.*** The
doping occurs by reacting liquid, solid, or gaseous precur-
sors that have desired foreign atom along with graphite in
the growth furnace. The CVD method is preferable
because it is easy to scale-up the catalysing process
(Table 2), is independent of substrate size, and is known
to produce high quality N-doped graphene.”*®

The N-doped graphene in the CVD can be synthesized
using hydrocarbon gases®' with metal single crystals
(Ru, Co, Ni, and Cu foils)**? at high temperature.*®> Ni
and Cu foils are most frequently used metal single crys-
tals because of their unique solid solubility of carbon.
Ni foil possesses a considerable solid solubility, while
Cu foil possesses a very limited solubility of carbon;
therefore, the carbon cannot diffuse to a great depth in
the Cu substrate. However, Cu substrates are advanta-
geous because of their graphene growth which is self-
limiting, meaning the graphene growth stops after one
layer is formed.

Different precursors are used in the process of doping
graphene such as liquid, solid, and gaseous precursors.
Nitrogen-containing functional groups could be doped
in graphene by reacting graphene with nitrogen-
containing reagents (urea, NHj, and nitric acid) or
through carbonizing/activating of nitrogen-rich carbon
precursors, such as pentachloropyridine, polypyrrole,
and pyrimidine. Other nitrogen-containing liquid precur-
sors, such as acetonitrile and pyridine have also been

used for the synthesis of N-doped graphene.”***** Some
recent work has been based on gaseous nitrogen precur-
sors such as ammonia.’® Normally, the gaseous precur-
sor works in conjunction with the other precursor
(multi-precursor), while the liquid and solid precursors
can function as a single precursor.* It should be noted
that multi-precursors require multiple processes whereas
the single precursors are more convenient and easier to
control.

The problems with gaseous precursors are that they
are hard to handle and transport and thus expensive,
compared with liquid/solid ones. Consequently, liquid
precursors are more attractive for doped graphene
growth.?***** The N-doped graphene is formed on the
surface of the catalyst when the precursors separate and
recombine through precipitation. This favours large-area
and high-quality N-doped graphene when liquid precur-
sors are employed.**® The layer distribution of N-doped
graphene varies in different studies depending on the
type of nitrogen source used. The liquid precursors such
as pyridine*** and acetonitrile*** are reported to produce
monolayer N-doped graphene. Interestingly, N-doped
graphene formed from gaseous nitrogen precursor (or
gas mixtures), C,H,/NH;,%*” are monolayer, while a gas
mixture of CH,/NH;>*® produces few-layer nitrogen
doped graphene.

The formation of N-doped graphene depends on skel-
etal bonds of the liquid precursors,” eg, acrylonitrile
contains a C—C single bond, C=C double bond, and
C=N triple bond. However, it cannot easily dope
graphene. Pyridine contains C—C single and C=C dou-
ble, and C—N single and C=N double bonds. It is only
C=C double bonds that have been shown to easily form
N-doped graphene. This is because C—C bonds are easy
to break at lower and higher temperatures while the
C=C bond and C=N bond are left at the surface of the
catalyst. The C=N bond is removed from the surface of
the catalyst using high temperatures above 400°C
resulting in volatile molecules, whereas, skeletal bonds
in pyridine contain lower bond energies that cause an
increase in the formation of N-doped graphene.**®

The doping level in CVD method can be controlled by
altering the flow rate and ratio of both carbon and nitro-
gen.*** Wei et al** reported that nitrogen decreases from
8.9% to 3.2% or 1.2% when NH;/CH, ratio was reduced
from 1:1 to 1:2 or 1:4, respectively. Further, the nitrogen
bonding configuration in N-doped graphene differs with
various studies. When Cu is used as a catalyst with a
precursor of CH4/NH3; in a ratio of 1:1, then it results in
quaternary N.?°> But when a catalyst Cu was used with
CH4/NH; (5:1) as a precursor, the N-doped graphene
obtained mostly comprised pyridinic-N.>*® Pyridinic-N is
dominant when a different precursor (C,H,/NHs) is used
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with Cu as a catalyst.>*® Zhang et al**! reported a low-cost
synthesis of high quality N-doped graphene with nitrogen
content of 3.72% (Table 3) and demonstrated that the
bonding was primarily pyrrolic-N configuration. This N-
doped graphene was synthesized from urea as N source
and methane as carbon source, on the Cu substrate using
CVD.

Pyrolysis of GO and melamine in an argon atmo-
sphere at 1050°C has been reported to have a nitrogen
content of 2.48%.%** The decrease in temperature causes
an increase in doping concentration. Lu et al**® reported
that if the growth temperature in CVD is reduced, the
atomic (nitrogen) percentage is raised from 2.1% to 5.6%
when 1,3,5-triazine on Cu metal substrate are used
(Table 3). Notably, researches have revealed that nitrogen
doping is highly dependent on the growth temperature
and flow rate when the CVD method is employed.*****

6.4 | Boron-doped graphene

Boron is also an adjacent element to carbon in the peri-
odic table and is suitable for doping. It can be chemically
doped in the graphene lattice, just like nitrogen. Boron
has one fewer valence electron than carbon. Three
valence electrons participate in graphene doping bond
formation with resultant single electron deficiency. This

TABLE 3 Synthesis methods of N-doped graphene and their
nitrogen concentration

Synthesis Nitrogen
Method Precursors Content/% Ref.
Thermal N* ion-irradiated 1.1 218

treatment graphene, NH;
GO, NH;, argon 2028 ¥
GNR, NH, ~2 220
GO, melamine 7.1-10.1 %
GO, amide/amine 10.9-13.4 ***

Arc discharge ~ Multilayer graphene 1 152
sheet, NH;
Graphite, NH;, H,, He 1 228
Graphite, pyridine, H,, 0.6 228
He
Nanodiamond, pyridine, 1.4 228
He

CVD Cu foil on Si substrate, 1.2-89 %
CH,, NH,
Cu foil, 1.3.5-triazine 2.1-5.6 208
Cu foil, acetonitrile ~9 233
Cu foil, pyridine ~24 234
Cu foil, C,H,, NH; 0-16 240
Cu foil, CH,, CO (NH,), 3.72 241
GO, melamine gel 2.48 242
mixture
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electron deficient nature induces a p-doping effect and a
downshift towards the Dirac point in the Fermi level. It
has been forecast that the Fermi level is highly dependent
on the doping level.”** It decreases to approximately
0.65 eV when the doping level of boron is 2% and goes
even higher when there is a higher doping level.**® Boron
doping induces a p-type (positive) graphene. However,
this doping may trigger chemical and electrochemical
activity in the basal plane of graphene.

Boron-doped graphene (B-doped graphene) has two
different bonding configurations, ie, either graphitic-
boron (BC3) or boron silane (BC,).>*> BC; configuration
is obtained due to replacement of carbon by boron in
the hexagonal carbon lattice, whereas the BC, configura-
tion is acquired because of the edge site defects.*** In-
plane BC; (in-plane substitutional doping) has been
reported to be more stable than out-of-plane doping.**®
The charge polarization occurs among electron-deficient
boron atom and neighbouring carbon atom. During dop-
ing, it retains the sp” planar structure and, resultantly, its
conductivity because of the closeness of the sizes of boron
and carbon. The lattice parameters are moderately
changed due to B—C bond (1.50 A) being longer than
the C—C bond (1.40-1.42 A) in pristine graphene.*”**8

The synthesis of B-doped graphene using pure graph-
ite at high temperature (>2000°C) normally results in
substitutional doping. However, when using GO at lower
temperature (900°C-1200°C) produces more complex
material with several different functional groups such as
substitutional boron, borinic, borinic ester, boronic acid,
and organo-borane (Figure 5).>*° Tuning the level of
boron doping in graphene induces different bandgaps of
B-doped graphene from 0 to 0.54 €V.**’ Boron doping
can induce more holes to the valence band of graphene
which further enhances the carrier concentration in B-
doped graphene (0.5 carriers per dopant).*47-30-2!

The most frequently used methods range from solid
state reaction (gas-solid reactions),*>*** liquid state reac-
tion (hydrothermal/solvothermal synthesis)****>* to high
temperature (CVD).>>>*3® These techniques can be split
into top-down and bottom-up approaches. In the
bottom-up approach, the arrangement of smaller compo-
nents is more complex. For example, an atom can be
assembled into molecules and molecules into nanostruc-
ture. This arrangement is achieved by covalent or non-
covalent bonding. Top-down approach often uses
microfabrication and nanofabrication methods whereby
externally controlled tools are employed in the breaking
down of the single crystal (bulk material) into an aqueous
form or powder for production of nanomaterials.>*” Irre-
spective of the approach adopted, preparation of B-doped
graphene requires a boron precursor and carbon precur-
sor (graphite, GO, or rGO).
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In the solid-state synthesis, Panchakarla et al*>® were

the first group to successfully dope graphene with boron.
They used two methods during the synthesis of B-doped
graphene. In the first method, B-doped graphene was
synthesized using the arc discharge with graphite elec-
trodes in the presence of different gases such as helium,
hydrogen, and diborane. In the second method, B-doped
graphene was synthesized by boron-packed graphite elec-
trodes (3% B) with H, and He gases using arc discharge.
The XPS revealed that boron was bonded to sp” carbon
network. The level of doping was found to be about
1.2% to 3.1% which was slightly different from 1.0% to
2.4% given by electron energy loss spectroscopy used for
confirmation. The Raman spectroscopy showed that the
intensity ratio of D-band and G-band (Ip/I5) of B-doped
graphene was higher than the Ip/I; ratio of undoped
graphene and the G-band of B-doped graphene shifted
to higher frequency.?*® This shift was attributed to boron
doping. In a case where B-doped graphene is synthesized
at a lower growth temperature (900°C-1200°C), different
boron configurations such as boronic acids, boronic, and
borinic esters (Figure 5) are produced.**®

In 2016, Shaobo et al** reported boron doped reduced
GO (B-rGO) synthesized from a facile dielectric barrier
discharge (DBD) plasma approach using boric acid as a
boron precursor under ambient conditions. The boron
content in B-rGO was found to be 1.4%. Most reported

organo-borane

6 FIGURE 5 Ball model of B-doped

graphene exhibiting the boron induced
defects**® [Colour figure can be viewed at
wileyonlinelibrary.com]

B-doped graphene makes use of boron precursors, boron
tribromide or diborane, which are toxic and require spe-
cial handling procedures. However, a greener approach
has been demonstrated by Sheng et al.*®® These authors
employed less toxic boron trioxide vapour which was
heated at temperature of 1200°C. The frequently used
method for synthesis of B-doped graphene is based on
solid state reaction between GO and boron trioxide or
boric acid.****®" The materials are thermally annealed
at a temperature between 900°C and 1200°C in inert
argon atmosphere. Typical doping levels obtained have
been shown to range between 0.5% and 10% on photo-
emission spectroscopy measurements.”*® More recently,
a high-quality B-doped graphene was synthesized from
SiC(001) single crystal by sublimation method. However,
the boron content was very low (0.1%).2%*

Hydrothermal/solvothermal reaction
have been extensively used for doping of graphene.
This approach tends to produce graphene materials with
surface and morphology functionalization. Lu et al'*’
investigated a novel approach: Wurtz-type reductive cou-
pling reaction without the use of a transition metal cata-
lyst. In this approach, B-doped graphene was synthesized
by reacting tetrachloromethane, metallic potassium, and
boron tribromide at temperatures between 150°C and
210°C for 10 minutes in a closed securely teflon-lined
stainless-steel autoclave (solvent thermal process). The

approaches
253
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boron content in B-doped graphene was found to be
2.5%'*” when the XPS intensity measurement was used
to quantitate atomic composition.

Comparatively, B-doped graphene is mostly synthe-
sized using CVD approaches, and similarly, to N-doped
graphene, Cu and Ni foils are used during the synthesis
process. The boron precursors used can be liquid, solid,
or gaseous. Gaseous boron precursors that have been
investigated are 4-methoxyphenylboronic  acid,**®
diborane,**® and carborane.?®* Cattelan et al*** reported
boron-doped graphene which had been synthesized using
polycrystalline copper as a substrate, diborane, and meth-
ane as boron precursor and carbon precursor, respec-
tively. The synthesis was carried out at a growth
temperature of 950°C, and the boron content that was
obtained was 2.5%.>%*

Wu et al** reported boron doped single layer
graphene synthesized on copper at growth temperature
of 1000°C in an argon carrier using CVD technique. Boric
acid and polystyrene were employed as boron and carbon
precursors, respectively. Under these conditions, the
obtained B-doped graphene had boron content of about
5%. When a solid boron precursor such as phenylboric
acid produced large monolayer polycrystalline graphene
film from the CVD on copper foils under hydrogen gas
stream at 950°C.**° Other boron precursors include
triphenylborane, boron trioxide, and ammonia borane.

6.5 | Sulfur-doped graphene

Sulfur can be substitutionally doped into graphene frame-
work to modulate chemical and electronic properties of
graphene. Its bonding configuration is similar to that of
oxygen; unlike nitrogen and boron doping effect, sulfur
doping induces a negligible charge transfer that occurs
in the C—S bond due to similar electronegativity between
carbon (x = 2.55) and sulfur (x = 2.58). Figure 6 exhibits
the different configuration being, C—SH, C—S—C, and
C—S0,—C (where x = 2, 3, or 4).>°® The C—C bond

FIGURE 6 Bonding configuration of S-doped graphene®®’
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length is shorter than that of C—S bond (1.78 A)**’;
hence, sulfur doping tends to provide a stable structure.
It has been reported that the sulfur doping in graphene
takes place in two steps, firstly, formation of defect sites,
secondly, double bond S=S rapture and the end-product
(graphene sheet) change into a small-bandgap semicon-
ductor or becomes more metallic compared with pristine
graphene.>’® The two bands in the Fermi level are lifted
in the band plot of sulfur-doped graphene (S-doped
graphene) with one sulfur atom. This results in a bandgap
of 0.3 eV with one S atom whereas containing two S
atoms causes an increase in the metallic properties of
graphene. S-doped graphene sheets are more resistive
and more metallic as compared with pristine graphene.
They are more resistive because of the sulfur and oxygen
functionalities which causes the free carrier trapping.

Recently, various methods have been used in the syn-
thesis of S-doped graphene. Sulfur atoms can be inserted
into the graphene frameworks using CVD and thermal
annealing of GO.?”" The sulfur-containing porous carbon
material has been synthesized using infiltration of the
carbon source into zeolite pores by means of impregna-
tion and CVD approach.””> Thermal treatment approach
has been successfully employed in the synthesis of S-
doped graphene whereby graphene or GO is treated with
sulfur dioxide,””®> benzyl disulphide,*®® hydrogen
disulphide,””* and carbon disulphide.””> These studies
have shown that the thermal treatment approach pro-
duces a low sulfur content, even when the treatment tem-
perature has been adjusted.>’® Poh et al*”* reported that
S-doped graphene is highly dependent on the type of sul-
fur precursor and type of graphite oxide or graphene used
during the synthesis.

Xu et al'® reported that the CVD method can be used
to synthesize S-doped graphene using thiophene as sulfur
precursor. The XPS analysis revealed that there was about
3.2% of sulfur content in S-doped graphene. However,
Gao et al*”’ reported the synthesis of large-area S-doped
graphene using Cu substrate and hexane in the presence
of sulfur via CVD approach. Yet, the sulfur content was
very low, approximately 0.6%. Yang et al**® synthesized
S-doped graphene via thermal annealing of GO and ben-
zyl disulphide as sulfur source. At different annealing
temperatures of 600°C, 900°C, and 1050°C, sulfur con-
tents of 1.53%, 1.35%, and 1.30% were obtained, respec-
tively.®® This shows that the annealing temperature
affects the doping levels and lower temperatures tend to
produce higher sulfur content. However, in 2015, Liu
et al*’® reported the use of similar sulfur containing pre-
cursor (benzyl disulphide) and GO in the synthesis of S-
doped graphene using microwave-assisted solvothermal
method and achieved a doping level of 2.3%. Liang
et al*’* reported the S-doped graphene that had been
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annealed at a temperature of 1000°C with gaseous sulfur
source of H,S gas on Si/SiO,. Since then, different liquid
organic material precursors such as hexane have been
also employed in the presence of sulfur when CVD
method is used together with copper substrate.””” Hassani
et al’’! reported a high sulfur doping level of 5% (XPS)
that was grown from CVD and sulfur powder as sulfur
precursor. Thus, the level of sulfur in S-doped graphene
varies with synthetic technique and sulfur-containing
precursor used.

6.6 | Phosphorus-doped graphene

Phosphorus can also be used as a dopant and precursor to
dope graphene. It belongs to group 15 elements below
nitrogen. However, it is larger than nitrogen. Therefore,
its doping causes greater structural distortion. The electro-
negativity of phosphorus () = 2.19) is lower than of carbon
(x = 2.55) which demonstrates higher electron donating
ability.””® Phosphorus, although iso-valent to nitrogen,
has different doping effect due to higher electron-donating
ability and more diffuse valance orbitals (3s* 3p>).*** Con-
sequently, the polarity of C—P bond is different from that
of C—N bond, and this may be due to the more diffuse
valance orbitals of phosphorus.?*

The large atomic radius of phosphorus does not appear
in-plane of graphene®® which significantly affects the
bandgap phosphorus-doped graphene (P-doped graphene).
Theoretically, the bandgap (0.53 eV) of P-doped graphene
is higher than those of both N-doped graphene (0.14 eV)
and B-doped graphene (0.14 eV). Interestingly, doping with
phosphorus is easier than with nitrogen since the formation
energy of P-doped graphene is 7.1 eV/atom>* while that of
N-doped graphene is 8.0 eV/atom.**® This suggests that the
phosphorus doping is energetically favourable.

During doping, phosphorus can form a pyramidal-like
bonding configuration along with three carbon atoms.
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FIGURE 7 Geometric structure of P-doped graphene®** [Colour
figure can be viewed at wileyonlinelibrary.com]

This is due to strong hybridization between carbon 2p
and phosphorus 3p. This is due to the change of hybridiza-
tion of carbon from sp” to sp®2** In pyramidal-like bond-
ing configuration, the phosphorus overhangs from
graphene plane and the P—C bond length (1.33 A)
increases by 24.6% compared with C—C bond length of
pristine graphene (Figure 7).*** Some and co-workers®**
reported the synthesis of highly air-stable P-doped
graphene that constituted n-type behaviour. Recently, var-
ious techniques for substituting phosphorus atom in the
lattice of graphene have been investigated and reported
such as CVD and inductively coupled plasma, and the
most effective method is microwave plasma.*®>2%¢

Zhang et al*®’ reported that P-doped graphene synthe-
sized using triphenylphosphine as phosphorus precursors
and graphite oxide as carbon via thermal treatment
resulting in a phosphorus content of 1.81% on XPS mea-
surement. The P-doped graphene have also been synthe-
sized using post-thermal annealing of graphene/GO with
triphenylphosphine as a P-containing precursor under a
protecting atmosphere.?®”**® Some et al*®** reported that
the P-doped graphene prepared from triphenylphosphine
under argon at 100°C to 250°C yielding phosphorus con-
tent of 4.96%. Similar phosphorus-containing precursors
were employed in the synthesis of P-doped graphene by
Shin et al*®® using inductively coupled plasma technique
to yield phosphorus content of 2%.

Ionic liquids such as 1-butyl-3-methylimidazolium
hexafluorophosphate have been employed in the synthe-
sis of thermal annealed P-doped graphene as phosphorus
precursor.?*® During the thermal annealing process, dif-
ferent covalently bonded tetrahedral structures such as
C,PO,, C5PO, and CPO; were observed and consequently
resulting in a charge redistribution in P-doped graphene.
Dennis®”' reported that the bandgap opening relies
purely on phosphorus doping level, eg, 0.5% resulted in
a bandgap of 0.3 to 0.4 eV. In situ synthesis of P-doped
graphene has been reported by Latorre-Sanchez et al***
where a pyrolysis of natural alginate and dihydrogen
phosphate ion was done under oxygen at a temperature
of 900°C. The P-doped graphene obtained had P—C and
P—O bonds and an optical bandgap of 2.85 eV. It should
be noted that P-doping gives rise to a magnetic moment
ascribed to unpaired electron spin.

6.7 | Halogen-doped graphene

Halogen (group 17 elements, namely, fluorine [F], chlo-
rine [Cl], bromine [Br], and iodine [I]) are well known
for their higher reactivity compared with other elements
from groups 13 to 16. When the halogen is doped on
the graphene lattice, it converts the sp” carbon bonding
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into a sp” state, which produces drastic distortions in the
electronic and geometric structures of graphene.*** It also
enhances the active site of graphene, which modifies the
graphitic carbon material, enabling doped graphene to
be applied in various technological fields, namely, stem
cells,”®* photo-catalytic,”> DSSCs,*® and ORR.*”
Halogen-doped graphene is widely applied as an electro-
catalyst for ORR in fuel cells. However, very few studies
have been reported on its application in DSSCs.

The most reactive element of the halogen is fluorine.
When F is bonded to graphene, it results in strong F—C
bonds and the C—C bond length stretches between 1.57
and 1.58 A.?*” The fluorine bonding causes an increase in
hydrophobicity of graphene.?”® Doping with CI results in
longer bond length and lower binding energy than H and
F. This indicates that the covalent bond (CI—C) is less sta-
ble compared with the C—H and C—F bonds.*”
Chlorine-doped graphene is reported to be thicker (1.1-1.7
nm) than fluorine-doped graphene due to the longer bond
length.**® There are very few experimental and theoretical
reports on bromine-doped graphene and iodine-doped
graphene because of the thermodynamic instability related
with their low electronegativity (F = 3.98, Cl = 3.16,
Br = 2.96, and I = 2.66) and large sizes. Br and I tend to
interact with graphene by physisorption without
interrupting the sp” carbon network.*®

Halogen-doped graphene can be synthesized by ball
milling,”" arc discharge,”® and microwave plasma®*
approaches. These approaches tend to produce differing
doping levels of halogen-doped graphene. Halogen-doped
graphene nanoplates were prepared by the ball milling
approach in the presence of I, Br, and C1.>°* A decrease
in halogen doping level of the halogen-doped graphene
nanoplates was observed (Cl—5.89%, Br—2.78%, and 1
—0.95%) due to the size and chemical reactivity of these
elements. The arc discharge approach has been employed
in the synthesis of fluorine-doped multi-layered graphene
sheets which contained about 10% of F.?*® Bousa et al**
reported chemical modification of graphene by using var-
ious aryl halogens to produce halogen-doped graphene
via the microwave plasma approach. XPS analysis
revealed the successful covalent bonding of aryl mole-
cules to the graphene basal plane. Different halogen dop-
ing levels were obtained; fluorine-doped graphene
(5.06%) was reported to contain higher doping levels than
chlorine-doped  graphene (4.76%), bromine-doped
graphene (3.86%), and iodine-doped graphene (3.50%).

6.8 | Co-doped graphene

Previous studies had shown that heteroatoms can be co-
doped in the synthesis of CNTs. Similar to CNTs,
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graphene can also be co-doped with multiple species of
foreign atoms. The co-doping of heteroatoms produces
synergistic effects and create new properties. Hetero-
atoms such as boron and nitrogen have similar size but
generate opposite doping effects.**> N, B co-doped
graphene can be achieved by using two precursors (nitro-
gen and boron precursors) or a precursor that contains
both nitrogen and boron in its structure. When they are
simultaneously doped on graphene, they form boron
nitride because of the phase separation between carbon
and boron nitride.**”*** This is ascribed to the larger
binding site of C—C and B—N bonds as compared with
that of N—C and B—C bonds. Co-doping of boron and
nitrogen produces different bonding configuration and
bond lengths, eg, C—B (1.49 A), C—N (135 A), C—C
(1.42 A), and B—N (1.45 A).

Figure 8 depicts the top views of five different struc-
tures, being pristine graphene, N-doped graphene, B-
doped graphene, hexagonal boron nitride (h-BN), and
boron and nitrogen co-doped graphene. The h-BN is
well-known as white graphene. It is a dielectric which
consists of a wide bandgap of approximately 5.9 eV. h-
BN is synthesized in a similar way to other doped
graphenes by using CVD method. As-synthesized h-BN
exhibits larger optical energy (5.5 eV) and elastic modulus
(200-500 N m™").** Boron and nitrogen co-doped
graphene is more thermally stable than B-doped
graphene, however, less thermally stable when compared
with N-doped graphene.**®

The co-doping tends to enhance the band gap due to
symmetry breaking.’** Both nitrogen and boron produce
a bandgap at the Dirac point; however, they shift the
Fermi level in different directions.*** B, N co-doping is
presumed to create a bandgap only at the Dirac point
with no shifting in the Fermi level.”®**® Various methods
have been used in the synthesis of N- and B-doped
graphene. Ci et al”’ reported dual N and B co-doped
graphene synthesized via CVD approach from ammonia
borane and methane as the boron, nitrogen, and carbon
precursors, respectively. The doping level was tuned by
altering the reaction parameters. The N, B co-doped
graphene with a high doping level normally has large
area and N-B hybridized domain as demonstrated by
XPS studies.”” Hydrothermal approach has been reported
by Wu et al’®® where N, B co-doped graphene was synthe-
sized using ammonia borane and GO, which resulted in
nitrogen content of 3.0% and boron content of 3.0%. In
2013, Bepete et al*”’ reported the incorporation of small
BN domain (0.3%-0.5%) using nitrogen gas and boric acid
as nitrogen and boron precursors.

Co-doping with multiple species of foreign atoms pro-
duces different bonding configurations. Co-doping of
phosphorus causes a pyridinic bonding of nitrogen on
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FIGURE 8 Schematic diagram of pristine graphene, N- and B-doped graphene, h-BN and B, N co-doped graphene

viewed at wileyonlinelibrary.com]|

graphene®® while the co-doping of sulfur promotes

graphitic-N as dominant.'® Porous P, N co-doped
graphene has been synthesized using magnesium oxide-
templating in situ CVD approach with methane and
ammonium phosphate as nitrogen and phosphorus pre-
cursors.’® The XPS analysis indicated phosphorus and
nitrogen co-doped graphene formed had nitrogen content
of 2.6% with different nitrogen atoms configuration of
pyrrolic-N, pyridinic-N, and graphitic-N; however, the
phosphorus content (0.6%) was found to be less than that
of nitrogen. The phosphorus atoms were covalently
bonded with carbon in the various tetrahedral forms,
being, C,P0O,, C;PO, and CPOs;. The level of doping and
configuration of P and N co-doped graphene are affected
by synthesis temperature in the CVD approach.**’ The
synthesis temperature of 700°C produced different nitro-
gen species in the sequence: pyridinic-N > pyrrolic-N >
graphitic-N. P and N co-doped graphene synthesized at
800°C and 900°C had similar nitrogen species of
pyrrolic-N and graphitic-N while those obtained at
1000°C exhibited a graphitic-N. Higher temperature
enhanced the number of phosphorus-carbon bonds and
decreases the number of phosphorus-oxygen bonds. The
increase in doping effect is due to the formation of
more-stable bond configurations. However, the doping
levels for both nitrogen and phosphorus decrease as the
temperature increases.

Co-doped graphene-based materials potentially have
promising properties for different applications. Very few
reports exist on graphene that is simultaneously doped
with nitrogen and sulfur.>’' Wang et al*'? reported the
interaction between sulfur and nitrogen in co-doped

/ Pristine graphene
(Zero bandgap Semimetal

B-doped graphene
(p-type semiconductor)

B, N co-doped graphene
(semiconductor)

395 [Colour figure can be

graphene. In their work, N and S co-doped graphene
was prepared by means of one-pot hydrothermal
approach using amino acid and ly-cysteine as nitrogen
and sulfur doping agents. The concurrent incorporation
of nitrogen and sulfur atoms in the presence of oxygen
alters the surface chemistry of carbon causing the
increase in doping levels, whilst direct bonding between
nitrogen and sulfur atoms was not fully demonstrated.*'?
Xu et al'® reported N, S co-doped graphene synthesis
from a nitrogen source of pyrimidine and sulfur source
of thiophene at low temperature. The doping level of S
and N atoms was found to be 0.7% to 2.0% and 3.7% to
5.7%, respectively. The use of multi-precursors is most
easily controllable and convenient than single precursor
doping methods. The N, S co-doped graphenes are
applied in lithium ion batteries,>*® supercapacitors,**?
and electrocatalytic ORRs*'**"> and exhibit promising
performance.

7 | DSSCs

Most research has been focusing on open-circuit voltage
(Voc), boosting the short-circuit current density (Jsc),
and fill factor (FF) to increase the efficiency of the cells.
Enhancing the CE material causes the FF of the cell to
increase, which is generally affected by the cell series
resistance (Rs) and the slope of the tangent line to the
current density (J)-voltage (V) curve at Voc.>® The charge
carrier's transportation from the photoanode to the CE
encounters varying resistance. The dominant charger
transfer in DSSCs is at the CE/electrolyte interface. At
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the CE/electrolyte interface, the charge-transfer resis-
tance and series resistance are subjugated to the CEs.
The series resistance of a solar cell dominates FF losses.
A higher FF is due to smaller series resistance which gen-
erate higher power conversion efficiency.

7.1 | Doped graphene as a counter
electrode for DSSCs

The CE is used to minimize redox species in DSSCs,
which act as mediators during the regeneration of the
sensitizer occurring after electron injection. CEs are
required to have good catalytic activity to enhance the
reduction of the electrolyte, hence should have lower
sheet resistance, low cost, and high thermodynamic sta-
bility.*'® The reactions occurring at the CEs are highly
dependent on the nature of the redox mediator being
used for charge transfer between the CE and
photoelectrode.*'®>'®

7.1.1 | Oxygen-doped graphene in DSSCs

Graphene oxide and rGO as a CE are reported to have good
electrocatalytic ability in reducing the redox couple in
DSSCs.”? This is because they possess structural defects
and oxygen-containing functional groups, for example,
carbonyl, epoxide, and hydroxyl.*'® It was observed that
the fabrication procedure of GO can also be regarded as a
major factor in determining the performance of GO in
DSSCs. DSSCs with graphene-based CE exhibited higher
power conversion efficiency of approximately 90% com-
pared with platinum-based CE.*'® Kavan et al*** demon-
strated that increasing the number of oxygen-containing
groups results in increase in catalytic activation. There-
fore, different materials of GO used in various procedures
produced different power conversion efficiency. DSSCs
fabricated from GO have been reported by Kumar®*'
which produce a higher conversion efficiency of 5.58%.
Recently, various researchers reported a reduction of GO
to rGO chemically,*** thermally,*** electrochemically,***
and photothermally®*® and their application as GO or
rGO-based CEs, exhibiting that rGO could be a better
potential candidate for fabricating flexible and Pt-free
DSSCs. Jang et al**® reported the use of rGO as CE that
had been developed from spin coating. This method
resulted in a uniform morphology of rGO and high particle
size, producing a power conversion efficiency of 3.99%.
Yeh et al’®® investigated the effect of using GO and
highly conductive rGO as CE. Highly conductive rGO
yielded higher power conversion efficiency of 7.62% com-
pared with a GO (0.03%). Highly conductive rGO exhib-
ited a good electrocatalytic ability than GO because of
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its high standard heterogeneous rate of redox couple
reduction and its electrochemical surface area. Recently,
Sarker et al’*’ developed a high efficiency DSSC with
rGO as CE synthesized by doctor-blading a viscous rGO
on FTO substrate. The DSSC-rGO electrode exhibited
similar catalytic performance as platinum-based -cell
showing promising characteristics of replacing Pt.

7.1.2 | Nitrogen-doped graphene in DSSCs

N-doped graphene has been employed in DSSCs for har-
vesting energy. N-doped graphene has exhibited gigantic
electrocatalytic activity due to high charge polarization
that occurs due to difference in electronegativity between
nitrogen and carbon.**® It has been reported that N-
doped graphene possesses a good electrocatalytic activity
and high conductivity that are able to produce a conver-
sion efficiency of more the 5% (Table 4). Metal-nitrogen-
doped graphene or metal-free nitrogen graphene has
been used as CE.

Xue et al*** demonstrated that the use of (3D) N-
doped graphene (nitrogen content of 7.6%) synthesized
from freeze-drying of GO under ammonia gas treatment
on DSSCs as a CE with a N719 as a dye sensitizer and
I57/T" redox couple. It provided a power conversion effi-
ciency of 7.07%. However, DSSCs had a poor FF of 0.58.
The efficiency was slightly lower than that of platinum-
based CEs because of the low FF.** This is due to the fact
nitrogen doping approaches that include low-pressure
drying and high-pressure synthesis. Further, ammonia
gas treatment is toxic; therefore, it is not suitable for mass
production. However, N-doped graphene sheets which
were synthesized in a similar method (hydrothermal
reduction of GO) and similar nitrogen precursor (ammo-
nia) was reported by Wang et al.**° These N-doped
graphene sheets had a nitrogen content of 2.5%. The

TABLE 4 Energy conversion efficiency for DSSCs with N-doped
graphene as a CE

Counter Electrode Jsc, mA cm? Voc,V FF 1,% Ref.

N-GR foam 15.84 0.77 0.58 7.07 329
N-GR 10.55 0.82 0.55 4.75 330
N-GR 12.32 0.71 0.60 6.12 331
Nanoplatelet-N-GR  14.02 0.89 0.74 9.05 332
N-GO/Pt 14.10 0.75 0.74 9.38 333
NGnP5 14.78 0.97 0.72 10.27 332
FeN/N-GR 18.83 0.74 0.78 10.86 334
N-GR 16.13 0.73 0.74 871 334
N-GR 13.43 0.64 0.59 5.07 335
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N-doped graphene CE was created by drop casting a N-
doped graphene sheet solution onto FTO glass substrate
and the redox couple used was I37/I" redox couple. This
DSSC produced a conversion efficiency of 6.12%.

In 2013, Shaocong et al**' demonstrated that doping
graphene with nitrogen can enhance the power conver-
sion efficiency of DSSCs (5.4%—N-doped graphene)
whilst 5.1%—Pt, improves catalytic activity and lowers
the charge transfer resistance. They further demonstrated
that N-doped graphene doped at different temperatures
and increasing the nitrogen content have no effect on
the power conversion efficiency. The state of nitrogen
doping was observed to play a major role in catalytic
activity. Jeong et al’>' found that pyrrolic-N has large
binding energy toward ions in the solution, which may
result in difficulty in the desorption of I" to I~ for iodine
reduction reaction. Thus, the decrease of reaction sites
would restrict the overall activity.

Yen et al** reported a power conversion efficiency of
4.75% which was achieved when N-doped graphene pre-
pared from the hydrothermal method was used as a CE
in DSSCs. Later that year, nanoplatelet-NGR were
employed as CE in DSSCs, and they produced a power
conversion efficiency of 9.05% and FF of 0.74, yet a differ-
ent redox couple of Co (bpy)s**/?* and dye sensitizer of
O-alkylated-JK-22 were used.*** Graphene nanoplatelets
doped with nitrogen at the edge which are synthesized
from ball-milling method have been investigated.>** The
investigation was performed using six different
NGnP/FTO CEs, NGnPl, NGnP2, NGnP3, NGnP4,
NGnP5, and NGnP6 that have been fabricated from dif-
ferent deposition times, 2, 3, 5, 7, 9, and 11 minutes,
respectively.”** The NGnP CEs displayed excellent elec-
trocatalytic performance for the redox couple (Co
(bpy)s>*/?*) with lower charge transfer resistance.*** As
the deposition time increased, the energy conversion effi-
ciency also increased. However, at the deposition time of
11 minutes a decrease in efficiency was experienced. The
highest power conversion efficiency of 10.27% was
obtained from NGnP5.>**

Metal-nitrogen-doped graphene CE produces a higher
power conversion efficiency than metal-free nitrogen
doped graphene. Lin et al**® achieved an efficiency of
9.38% when N-doped graphene was used on Pt-sputtered
FTO substrate (NGR/Pt/FTO) as CE. This high efficiency
was caused by the electron transfer effect which was sup-
plied by NGR and light-reflection effect from NGR/Pt/
FTO which promoted the electron transfer from CE to
the electrolyte (I;~ ion) and light. In 2015, Xue et al®*
report N-doped GNRs (nitrogen content of 6.5% with a
surface area of 751 cm? g~ ") which was synthesized from
thermal treatment of GO nanoribbons in ammonia gas
produced power conversion efficiency of 5.07%.

Kim et al**’ demonstrated that treating N-doped
graphene with TiO, produced a power conversion effi-
ciency of 9.32%. This is because the graphene/N-doped
TiO, composite expands the absorption into the visible
light region and increases the rate of electron transfer.>*’
When N-doped graphene nanosheets with transition
metal nitrides (iron nitride) core-shell nanoparticles are
employed as CE material that exhibited a power conver-
sion efficiency of 10.86% which was greater than that of
DSSCs with platinum or N-doped graphene as CE being
9.93% or 8.715%, respectively.>*® In 2017, Yang et al**°
reported that the electrochemical measurements of
nitrogen-doped holey graphene exhibited better electro-
chemical stability and higher catalytic activity with
respect to those of Pt, and DSSCs with optimized
nitrogen-doped holey graphene demonstrate a power
conversion efficiency of 9.07%, which was higher than
efficiency of 8.19% for Pt as the CE.

Recently, N-doped graphene on a Pt-sputtered FTO
substrate (NGR/Pt/FTO) as CEs achieved an efficiency
of 9.38% via attributed to firstly, hole-cascading transport
at the interface of electrolyte/CEs, as a result of control-
ling the valence band maximum of I"/I;~ redox couple
and the Fermi level of Pt by nitrogen doping. Secondly,
the extended electron transfer surface effect provided by
large-surface-area doped graphene. Thirdly, the high
charge transfer efficiency due to superior catalytic charac-
teristics of N-doped graphene. Finally, the superior light-
reflection effect of NGR/Pt/FTO CEs, facilitating the elec-
tron transfer from CEs to I3~ ions of the electrolyte and
light absorption of dye.*** This lessens the loss that occurs
at the interface of electrolyte/CE and cause an increase in
power conversion efficiency of DSSCs.**

7.1.3 | Boron-doped graphene in DSSCs

In the meantime, there have been few reports based on
application of B-doped graphene as CE in DSSCs. Fang
et al**! reported the use of B-doped graphene as CE in a
DSSC which is based on an I;7/I" redox couple. The B-
doped graphene was fabricated from annealing of boron
trioxide with GO at a temperature of 1200°C for 4 hours
and resulted in a boron content of 1.0%.%** This provided
a high-power conversion efficiency of 6.73%.?°" The appli-
cation of B-doped graphene as a CE with the Co(2,2-
bipyridine);**/** redox couple was reported to produce
a higher power conversion efficiency than a I;"/I" redox
couple.**! B-doped graphene exhibited higher electrocata-
lytic activity than Pt as CE in Co (bpy);**/*" redox cou-
ple.**' Generally, B-doped graphene exhibits good
electrochemical stability***** and lower charge-transfer
resistance.>*® DSSCs developed from B-doped graphene
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produced a power conversion efficiency of 9.21% which
was higher than that of platinum CE (8.45%).>*!

7.1.4 | Sulfur-doped graphene in DSSCs

Sulfur-reduced GO (SRGO) has been applied in DSSCs to
produce a power conversion efficiency of 4.23%.>** The
SRGO has been fabricated from the one-step synthesis
using hydrothermal process with the use of mercaptoacetic
acid. It had a sulfur content of 5.45%.>** Meng et al**
reported the use of sulfur-doped porous graphene (SPG)
in DSSCs as CE. SPG was synthesized from sulfur powder
and poro-foaming agent via thermal annealing approach
(800°C, 900°C, and 1000°C). The annealing approach (espe-
cially, higher temperature — > 900°C) showed a better pho-
tovoltaic and electrochemical performance. A high-power
conversion efficiency of 8.67% was achieved when as-made
SPG was used as CE, outperforming the Pt (7.88%). Sulfur
atom can tune the electronic structure of graphene and cre-
ate a highly active site with a low change in carbon conjuga-
tion length. In 2017, Mustafa et al**® presented a new CE
that consists of GO doped with poly(3,4-
ethylenedioxythiophene) and TiO,. Hence, a power conver-
sion efficiency of 1.166% was achieved. The incorporation of
poly(3,4-ethylenedioxythiophene)/GO (PEDOT-GO) with
TiO, was found to produce more promising results than
platinum CE (0.727%).

7.1.5 | Phosphorus-doped graphene in
DSSCs

P-doped graphene has been mostly applied in fuel
cells,**’ Li-ion batteries,®” and supercapacitors**® as an
electrode. Wang et al**® were the first to demonstrate that
P-doped reduced GO can be employed as CE in DSSCs
with I"/I;~ redox couple, and it produced a power con-
version efficiency of 6.26%. Ahn et al>** demonstrated
that phosphorus doped 3D graphene provides better per-
formance than platinum as CE. P-doped 3D graphene
produced a power conversion efficiency of 8.46% which
was higher than that of platinum (6.01%). However, in
2017, Xu et al*®' reported the higher power conversion
efficiency of 7.08% fabricated from P-doped porous
graphene nanosheet with 17/I;~ redox couple. P-doped
graphene nanosheet was synthesized using CVD method,

and it had a surface area of 1627.8 m* g—'.%!

7.1.6 | Halogen-doped graphene in DSSCs

Recently, Jeon et al**> demonstrated that edge-selectively

halogenated graphene nanoplatelets (XGnPs, X = Cl, Br,
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and I) and halogen contents of Cl, Br, and I in XGnPs
as 3.18%, 1.77%, and 0.66%, respectively, used as CEs indi-
cated enhanced electrocatalytic activities toward Co
(bpy);>* reduction reaction in DSSCs with an exceptional
electrochemical stability. These authors further reported
IGnP-CE to have the lowest charge-transfer resistance
(Rct) of 0.46 Q cm? at the CE/electrolyte interface. It
should be noted that this value is much lower than that
of Pt-CE (0.81 Q cm?). It was also noted that in DSSCs
with IGnP-CE had the highest FF (71.3%) and cell effi-
ciency (10.31%), whereas those of DSSCs with Pt-CE were
only 70.6% and 9.92%, respectively. These characteristics
could be inferred to emanate from an established balance
between electrical conductivity for efficient charge trans-
fer and charge polarization which enhances reduction
activity of redox couples simultaneously.*>**>*

7.1.7 | Co-doped graphene in DSSCs

It has been reported that co-doping with two or more ele-
ments can generate a distinctive and synergistically
increased electronic structure in the carbon matrix. It also
causes an increase in electrocatalytic activity of graphene
because of the increase in spin densities and asymmetries
of charge at the various sites of the double-doped
graphene. A power conversion efficiency of 8.08% which
is superior to 6.34% of Pt-CE was achieved when GO
was reduced and doped with nitrogen and boron.'®® This
B and N co-doped graphene was reported by Yu et al'®
where the doped graphene was achieved via chemically
grafting ionic liquid followed by thermal annealing.

Luo et al*** reported a co-doping of nitrogen and sul-
fur atoms in graphene which was fabricated using DL-
penicillamine which possesses both atoms in its structure.
The NSRGO had nitrogen and sulfur contents of 2.12%
and 8.92%, respectively. The power conversion efficiency
of NSRGO was compared with RGO, SRGO, and NRGO.
NSRGO was found to exhibit a higher power conversion
efficiency of 4.73%.>** This is because the co-doping of
heteroatoms provides more electrocatalytic active sites
to ease the charge transfer Dbetween the
cathode/electrolyte interface which leads to higher
catalytical performance and increase in photovoltaic per-
formance.** However, a high power conversion effi-
ciency of 7.42% had been demonstrated by Kannan
et al*>> which was higher than that of a single atom-
doped graphene (N or S-doped graphene CE). This high
catalytic activity is ascribed to high charge polarization
which produced the synergistic effect between the differ-
ent electronegativities of carbon and nitrogen. Further-
more, the structural distortion is produced by the larger
atomic size of sulfur. The bifacial DSSCs with high
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transparent nitrogen-doped graphene, sulfur doped and
nitrogen and sulfur dual-doped graphene-like carbon
films as CEs exhibit dramatically enhanced power con-
version efficiency (PCE) of 3.74%, 3.86%, and 4.22% under
front-side illumination compared with that of pristine
graphene as CE.*® 3D N and S co-doped rGO was
reported by Yu et al**’ with an efficiency of 9.40% which
was higher than that of platinum (9.10%). The high elec-
trochemical performance was due to the synergistic effect
of nitrogen and sulfur atoms in graphene.

Nitrogen and phosphorus belong in the same family;
therefore, they show higher electron-donating ability
which further shows stronger n-type behaviour.**® The
defects induced by co-doping (N and P) is predicated to
bring about a highly localized state which is close to the
Fermi level, especially for electrocatalysis.*>® However,
N and P-doped graphene can also be applied in DSSCs
as metal-free electrocatalyst. Yu et al**® reported the use
of N and P-doped graphene and single-component N or
P-doped graphene in DSSCs. They produced a better per-
formance along with a conversion efficiency of 8.57%
which was higher than that of single-element N or
P-doped graphene CE.**°

8 | DFT STUDIES

Most frequently, DFT calculations for DSSCs estimate the
adsorption energies of atomic iodine under vacuum and
explicit acetonitrile solvation conditions. Considering
the pristine armchair and zigzag edges as well as the
basal plane of graphene sheets, the I atom adsorption
energies have been shown to be below the optimal range
for the CE catalytic activity (—0.17, 0.17, and —0.49 eV,
respectively).>*! Recently, edge models involving double-
coordinated Se (C—Se—C) or oxidized Se atoms also
failed to support I atom adsorption. But, the I atom bind-
ing criterion for CE has been shown to be effective for the
single-coordinated Se-doping cases (C==Se), with
adsorption energies of 0.77 and 0.48 eV for the armchair
and zigzag edges, respectively.’®"*** For instance, the
I;~ /I" ions have been shown to adsorb on the graphitic
basal plane at distances of 3.18 to 3.37 A.*®' This poten-
tially possesses an n-type shift of the graphene band and
significantly increases currents at finite bias voltages. It
can, thus, be argued that although the graphitic basal
plane cannot drive an iodine reduction reaction on its
own it has good current-carrying capability, a necessary
condition for high CE catalytic activity.

It is prudent to examine the dielectric function,
absorption spectrum, and energy loss-function of a single
layer graphene sheet based on the density functional cal-
culations. It has been shown for light polarization parallel

and perpendicular to the plane of the graphene sheet and
compared with doped graphene, the available theoretical,
and experimental results appear the same. For example, it
has been found that individual boron and nitrogen dop-
ing does not significantly affect the imaginary dielectric
function and hence the absorption spectra. However,
there is a significant red shift in absorption towards the
visible range of radiation at high doping for the B/N co-
doping®® of graphene.

9 | COMMERCIAL, COST, AND
ENVIRONMENTAL PERSPECTIVES

The exponential raise in commercial applications of opto-
electronic materials of organic and nanostructured elec-
tronic origin, coupled with environmental concerns,
motivates the quest for lower cost approaches to sustain-
able electricity production. The present work examined
DSSCs and specifically the use of heteroatom-doped
graphene as a CE. This is a focussed interface engineering
strategy that employs innovative nanostructures and
interface processing to enhance device performance.
There is limited literature on photochemical studies on
the control of interface morphology, which complicates
the determination of clear structure/function relation-
ships in these very important devices. A number of strat-
egies are under investigation to achieve control of the
interface morphology in organic donor/acceptor films.***
This has seen an increase in sophisticated approaches
for the design and optimization of solid-state photovoltaic
devices. However, technological concerns about shelf-life
and device stability when using liquid electrolytes need to
be addressed. Generally, DSSCs rely on photoinduced
charge separation at a dye-sensitized interface between
a nanocrystalline, mesoporous metal oxide electrode,
and a redox electrolyte. They are potentially a low-cost
solar energy conversion technology, but the challenge is
achieving a rational optimization of materials and device
designs.*** The success of graphene-based materials used
for energy applications wholly depends on the develop-
ment and optimization of production methods. Of great
interest is the optimized control the sheet size and
increasing the edge-to-surface ratio, which is vital for
optimizing electrode performance in fuel cells and batte-
ries. The frequently employed DSSC materials such as
TiO, are inexpensive, easily available, and safe to the
environment. The raw materials are less prone to con-
tamination and processable at ambient conditions, thus
upscaling of manufacturing processes for mass produc-
tion is even easier. The better performance of DSSCs
under lower light intensities makes them appealing for
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indoor applications, a major driver for any commerciali-
zation effort, 36336

10 | CONCLUSION
In summary, heteroatom-doped graphene materials have
been investigated as efficient CEs for DSSCs. DSSCs show
significant opportunities to the researches in renewable
energy. In the DSSCs, the CE has good electrocatalytic
activity and high electrical conductivity which is respon-
sible for collection of electrons from the external circuit
and for catalysing reduction reactions. Therefore, alterna-
tive CEs such as graphene and heteroatom-doped
graphene that are low-cost are preferentially used instead
of high-cost platinum CEs. From the aforementioned
studies, various heteroatom-doped graphene has revealed
promising perspectives as CEs in DSSCs. Heteroatom-
doped graphene as CE demonstrated significantly higher
power conversion efficient compared with platinum-
based CE. Enhanced efficiency is due to improved elec-
tron transfers and dissociation of excitons at electrodes
Various power efficiency has been achieved from 2008
to 2018, depending on the heteroatom employed in the
CE. To our knowledge, the efficiency of DSSCs depends
on how the CE has been fabricated. When graphene is
doped with heteroatoms such as O, N, B, S, and P modu-
lation of electronic properties of graphene is observed.
Heteroatom doping provides graphene with different
structural, physicochemical, electromagnetic, and optical
properties. The heteroatom-doped graphene properties
depend on the doping configurations, type, and level.
Doping configuration, doping level, and type differ in all
heteroatom-doped graphenes due to various starting
graphene material, heteroatom precursor/source, doping
temperature, and reaction time used in the synthesis
method. Various synthesis approaches have been devel-
oped for heteroatom doping. Regardless of the enormous
progress made so far, it is still a challenge to control the
heteroatom doping. The research based on graphene will
continue to grow vigorously due to the wide application
of heteroatom-doped graphenes and new opportunities.
It is foreseen that, sooner rather than later, after some
improvement, such heteroatom-doped graphenes could
be utilized for the necessities of society. In the near
future, the heteroatom-doped graphene could play a
major role in solving the energy-related issues in various
solar cells, apart from applying it as CE in DSSCs.
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